Introduction
============

The Snail gene family encodes zinc finger proteins that function as transcriptional repressors [@ref1] ^,^ [@ref2]. Three members of the Snail gene family have been described in mammals, encoded by the *Snai1* (also termed *Snail*), *Snai2* (*Slug*), and *Snai3* (*Smuc*) genes. While the *Snai1* and *Snai2* genes and proteins have been studied extensively in both mice and humans, much less is known about the functions of the *Snai3* gene. *Snai3* (originally termed *Smuc*, for [*S*]{.ul}nail related gene from skeletal [*MU*]{.ul}scle [*C*]{.ul}ells) was isolated using a degenerate PCR-amplification protocol as a Snail family gene expressed in adult mouse skeletal muscle [@ref3]. Northern blot analysis revealed that the *Snai3* gene was highly expressed in adult mouse skeletal muscle and thymus, at lower levels in adult heart, lung and spleen, and was also expressed during embryogenesis [@ref3]. Analysis by in situ hybridization during mouse embryogenesis revealed that *Snai3* transcripts were first observed at embryonic day (E)13.5 in skeletal muscle and diaphragm [@ref4]. At E15.5, in addition to skeletal muscle and diaphragm expression, *Snai3* transcripts also were expressed in the thymus. Skeletal muscle and thymus remained the dominant sites of *Snai3* expression through the early postnatal period [@ref4]. However, both our laboratory [@ref5] and the Weis laboratory [@ref6] described recently the absence of an obvious phenotype in *Snai3* null mice. Here we report the analysis of *Snai3* mutant mice, and of *Snai1/Snai3* double mutant mice, using the cardiotoxin injury model of hindlimb skeletal muscle regeneration.

Materials and methods
=====================

**Mice**

Generation and genotyping of the *Snai3^null^* [@ref5], *Snai3-EYFP* [@ref5] and *Snai1-flox* [@ref7] mice have been described previously. *Myf5-Cre* mice [@ref8] were obtained from the Jackson Laboratory, and *Mef2c-73k-Cre* mice [@ref9] were obtained from Dr. Brian Black. All mouse protocols followed the guidelines of the US National Research Council Guide for the Care and Use of Laboratory Animals, and were approved by the Maine Medical Center Institutional Animal Care and Use Committee.

**Hindlimb regeneration assay, histological analyses, and skeletal preparations**

Tibialis anterior (TA) muscles of anesthetized mutant and control littermate mice at 11 to 18 weeks of age were injected with 100 ul of 10 uM cardiotoxin (Naja mossambica cardiotoxin; catalog number C9759, Sigma-Aldrich). Mice were euthanized 10 to 12 days after injection to collect the injured TA muscles for histological analysis. Some TA muscles were embedded in paraffin, sectioned at 7 um, and stained with hematoxylin and eosin. Other TA muscles were snap frozen and cryosectioned before staining with hematoxylin and eosin. All regeneration experiments were repeated at least three times. Myofiber cross sectional area was measured using Zeiss Axiovison software, and differences of means of the genotype groups were tested for statistical significance using the two tailed, unpaired Student\'s t test. Alcian blue-alizarin red-stained skeletal preparations were generated as described previously [@ref10]. Mice were euthanized, skinned, eviscerated, and fixed in 100% ethanol (EtOH). They were then stained in 0.015% Alcian blue, 0.005% Alizarin red in 5% acetic acid/70% EtOH. Clearing was performed in 2% potassium hydroxide, followed by 1% potassium hydroxide/20% glycerol, after which they were brought into 80% glycerol for photography and storage. For conditional deletion experiments, efficient gene deletion in skeletal muscle by the *Myf5-Cre* and *Mef2c-73k-Cre* drivers was confirmed by quantitative PCR on genomic DNA isolated from the gastrocnemius or TA muscle.

Results
=======

***Snai3* null mutant mice exhibit normal skeletal muscle regeneration after injury**

We recently described the generation and analysis of two different null alleles of the *Snai3* gene, *Snai3^null^* and *Snai3-EYFP* [@ref5]. Due to the fact that the *Snai3* gene was originally cloned from mouse skeletal muscle RNA, and is expressed at high levels in that tissue, we paid particular attention to possible pathological changes in skeletal muscle in the *Snai3* mutant mice. Histological analysis of multiple skeletal muscles of *Snai3^null^/Snai3^null^* or *Snai3-EYFP/Snai3-EYFP* homozygous mice through 13 months of age did not reveal any obvious skeletal muscle pathology, such as muscle hypotrophy, aberrant muscle fiber size, centrally located nuclei, or infiltration of fibrotic or adipose tissue (Figure 1).

Snai3null/Snai3null mice have normal skeletal muscle.(A-D) Sections of the lower hindlimb of wildtype (A, C) and Snai3-null/Snai3-null (B, D) littermate mice at 13 months of age. No differences were observed between the Snai3 mutants and their wildtype littermates. Sections from paraffin-embedded legs were stained with hematoxylin and eosin. Abbreviations: EDL: extensor digitorum longus muscle; F: fibula; PE: peroneus longus muscle; T: tibia; TA: tibialis anterior muscle. Magnifications: (A, B) 2.5X; (C, D) 20X.

To additionally assess formation and integrity of the musculoskeletal system, we examined Alcian blue-alizarin red-stained skeletons of *Snai3^null^/Snai3^null^* or *Snai3-EYFP/Snai3-EYFP* homozygous and control littermate mice. No skeletal defects were observed in the *Snai3* mutant mice (Figure 2, and data not shown).

Snai3null/Snai3null mice do not exhibit altered bone formation.Skeletal preparations were stained with Alizarin red (to stain mineralized bone) and Alcian blue (to stain cartilage). No differences in skeletal formation were observed between the wildtype (A) and Snai3-null/Snai3-null (B) littermate mice. F: fibula; Fe: femur; T: tibia.

To assess whether conditions of stress might reveal a requirement for *Snai3* gene function in skeletal muscle, we tested the ability of the hindlimb Tibialis anterior (TA) muscle of *Snai3* mutant and control littermate mice to regenerate after injury, using the standard cardiotoxin injury model. Both TA muscles of *Snai3^null^/Snai3^null^* or *Snai3-EYFP/Snai3-EYFP* and control littermate mice were injected with cardiotoxin, and the TA muscles were isolated 10 to 12 days after injury for histological analysis. These studies did not reveal substantive differences in regeneration between *Snai3* ^null^/Snai3^null^ or *Snai3-EYFP/Snai3-EYFP* homozygotes and their heterozygous and wildtype control littermates. As assessed by the presence of centrally located nuclei in the myofibers, both *Snai3* mutant homozygotes and wildtype control littermates exhibited extensive myofiber regeneration after cardiotoxin injury (Figure 3A, B). The mean cross sectional area of regenerating myofibers did not differ significantly between *Snai3* mutant homozygotes and wildtype control littermates (Fig. 3C). Some, but not all, *Snai3* mutant homozygotes exhibited a small amount of fibrosis in the regenerating TA muscle. However, TA muscle regeneration still proceeded efficiently in the *Snai3* mutant mice.

*Snai3^null^/Snai3^null^* mice exhibit no obvious defects in skeletal muscle regeneration.Hematoxylin and eosin-stained cryosections of TA muscle from wildtype littermate (A) and Snai3-null/Snai3-null (B) mice 10 days after cardiotoxin-mediated injury revealed no obvious differences between the two genotypes. Arrowheads indicate examples of centrally-located nuclei in regenerating myofibers. Magnification: 20X. (C) Mean myofiber cross sectional area (CSA) did not differ significantly between the wildtype littermate (n=2) and Snai3null/Snai3null (n=3) genotypes.

**Skeletal muscle regeneration in *Snai1/Snai3* double mutant mice**

We have shown that during chondrogenesis (cartilage development) in mice, the *Snai1* and *Snai2* genes function redundantly, and that both *Snai1* and *Snai2* gene function must be removed to detect a phenotype during cartilage formation [@ref10] ^,^ [@ref11] ^,^ [@ref12]. The *Snai1* gene is induced during skeletal muscle regeneration [@ref13], and a recent paper demonstrated that a Snai1-HDAC1/2 repressive complex bound and excluded the myogenic transcription factor MyoD from its targets [@ref14]. We therefore decided to test TA muscle regeneration in *Snai1/Snai3* double mutant mice. Since *Snai1^null^/Snai1* ^*nul*l^ homozygotes die early in embryogenesis [@ref15], we utilized our *Snai1-flox* allele [@ref7] and either the *Myf5-Cr*e [@ref8] or *Mef2c-73k-Cre* [@ref9] driver lines to perform skeletal muscle-specific deletion of the *Snai1* gene.

We generated both *Myf5-Cre/+; Snai1-flox/Snai1-flox; Snai3^null^*/*Snai3^null^* and *Mef2c-73k-Cre/+; Snai1-flox/Snai1-flox; Snai3^null^/Snai3^null^* (or *Mef2c-73k-Cre/+; Snai1-flox/Snai1-flox; Snai3-EYFP/Snai3-EYFP*) mice (referred to as *Snai1/Snai3* double mutant mice). Histological analysis of uninjured TA muscles from the *Snai1/Snai3* double mutant mice did not reveal any obvious defects, compared to control littermate mice lacking the *Cre* allele (i.e., *Snai1-flox/Snai1-flox; Snai3-EYFP/Snai3-EYFP* mice) (Figure 4A, B).

TA muscles of *Snai1/Snai3* double mutant mice and control littermate mice were injected with cardiotoxin, and the TA muscles were harvested 12 days after injury for histological analysis. The regenerating TA muscles of *Snai1/Snai3* double mutant and control Cre-negative littermate mice appeared identical histologically (Figure 4C, D). Both control *Myf5-Cre*-negative;*Snai1-flox/Snai1-flox; Snai3^null^/Snai3^null^* TA muscle (Figure 4C) and *Snai1/Snai3* double mutant TA muscle (Figure 4D) exhibited extensive myofiber regeneration after cardiotoxin injury. The mean cross sectional area of regenerating myofibers did not differ significantly between the two genotypes (Figure 4E). We conclude that the *Snai3* gene does not play a major role in hindlimb skeletal muscle regeneration in mice, even in combination with the related *Snai1* gene.

Mice with skeletal muscle-specific deletion of the *Snai1* gene on a *Snai3* homozygous mutant background exhibit no obvious defects in skeletal muscle development or regeneration.(A, B) Sections of uninjured TA muscle of control (Snai1-flox/Snai1-flox; Snai3-EYFP/Snai3-EYFP) (A) and Snai1/Snai3 double mutant (Mef2c-73k-Cre/+; Snai1-flox/Snai1-flox; Snai3-EYFP/Snai3-EYFP) (B) littermate mice at 5 months of age. (C, D) Sections of TA muscle 12 days after cardiotoxin-mediated injury from control (Snai1-flox/Snai1-flox; Snai3null/Snai3null) (C) and Snai1/Snai3 double mutant (Myf5-Cre/+; Snai1-flox/Snai1-flox; Snai3null/Snai3null) (D) mice. Arrowheads indicate centrally-located nuclei in regenerating myofibers. Sections from paraffin-embedded TA muscles were stained with hematoxylin and eosin. Magnification: 20X. (E) Mean myofiber cross sectional area (CSA) did not differ significantly between the control (n=3) and Snai1/Snai3 double mutant (n=4) genotypes.

Discussion
==========

Our results demonstrate effective skeletal muscle regeneration after cardiotoxin-mediated injury in *Snai3* homozygous mutant (*Snai3^null^/Snai3^null^* or *Snai3-EYFP/Snai3-EYFP*) mice. We further show that mice with skeletal muscle-specific deletion of the *Snai1* gene on a *Snai3* null genetic background exhibit the same general level of skeletal muscle regeneration as the *Snai3* mutant homozygotes. While our histopathological analyses cannot exclude minor regeneration defects in the *Snai3* single or *Snai1/Snai3* double mutants, it is clear that substantial muscle regeneration occurs after cardiotoxin-mediated injury in these mice.

A recent study utilized ChIP-Seq and gene expression analyses to demonstrate that a Snai1-HDAC1/2 repressive complex bound and excluded the myogenic transcription factor MyoD from its targets [@ref14]. These authors further showed that a regulatory network involving myogenic regulatory factors, Snai1/Snai2, and the microRNAs miR-30a and miR-206 acted as a molecular switch controlling entry into myogenic differentiation. It is possible that we did not observe a substantial effect on skeletal muscle development or regeneration in our experiments because our mice were wildtype at the *Snai2* locus.

In 2002, we participated in a study demonstrating that *Snai2* gene expression is induced during muscle regeneration, and that *Snai2-lacZ* homozygous null mice exhibit impaired hindlimb skeletal muscle regeneration [@ref13]. At the time of those studies, our *Snai2-lacZ* mice were on a mixed (129S1/SvImJ X C57Bl/6J) genetic background, and approximately 50% of homozygotes survived into adulthood [@ref16]. The remainder died postnatally from cleft palate. Since that time, we have maintained the *Snai2-lacZ* line as a heterozygous backcross to C57BL/6J mice, and our *Snai2-lacZ*/+ mice are now a congenic line on the C57BL/6J genetic background. We have found that on the C57BL/6J background virtually all *Snai2-lacZ/Snai2-lacZ* homozygotes now die in the early postnatal period, apparently as an increase in the penetrance of the cleft palate phenotype. We therefore were not able to test *Snai2-lacZ/Snai2-lacZ* mice, or compound mutants containing the *Snai2-lacZ* allele, in the current set of experiments. Further work, including the generation and utilization of a *Snai2-flox* allele for skeletal muscle-specific Snai2 gene deletion, will be required to remove the function of all three Snail family genes in skeletal muscle to definitively assess the requirement for Snail family genes during skeletal muscle development and regeneration.
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